Nanowires are known to be thermally unstable and may break up into chains of nanoparticles at temperatures below their melting point. This phenomenon is reminiscent of the well-known Rayleigh-Plateau instability of liquid jets, when periodic sausage-like perturbations of the jet surface increase with time. The corresponding nanowire/jet shape modifications must be followed by a decrease in total surface energy. However, unlike isotropic liquid jet surfaces, the realization of this abatement in the system with a strong lattice structure and physical dissimilarity of bounding facets, leads to specific features of nanowire break-up viz. significant variations in the size of nanodrops and the average distance between them, the formation of long-living dumbbells, and zigzag-like structures. Here, the physical mechanisms of such diversity are analyzed. Apart from scientific insights, the yielded results could be potentially useful in applications such as the development of optical waveguides based on ordered nanoparticles chains.
Introduction
Over the past two decades, much research has been dedicated to the investigation of characteristics of metal and semiconductor nanowires. This is primarily due to their beneficial physical and chemical properties which allow these structures to be used in biosensors [1] [2] [3] [4] , solar cell technology [5] , waveguides [6] , and numerous other technological applications. For instance, in a recent study [7] , it was reported that silicon nanowires were successfully employed for sensing nanoparticles using resonant frequency shifts. Moreover, ultra-thin nanowires possess such unexpected properties as negative magnetoresistance and quantum conductance, which render them useful as building blocks of electronic circuits [8] .
Although ultra-thin nanowires possess numerous desirable qualities, there is one serious obstacle which stands in the way of their immediate implementation in technological applications. Nanowires are known to be thermally unstable and may break up into chains of nanoparticles at temperatures below their melting point. In previous studies [9] [10] [11] [12] , it was reported that gold, copper, and platinum nanowires can break up at temperatures of approximately 300 C, 400 C, and 600 C, respectively, well below the melting points of metals from which they are synthesized (i.e. 1064 C for Au, 1085 C for Cu and 1768 C for Pt). At the same time, silver nanowires [13] turned out to be particularly unstable with a sub-zero break-up temperature of −10 C. Additionally, thermal instability causes significant changes in the surface morphology and physical properties of a nanowire even prior to the break-up.
According to previous studies [12, 17, 18] , the phenomenon of nanowire break-up takes place due to the existence of Plateau-Rayleigh [19, 20, 21] instability which was first observed in liquid jets.
The classical model by Nichols and Mullins [24] for nanowires as well as the hydrodynamical model for liquid jets consider the mass transfer from regions of high surface curvature to regions with lower surface curvature. In the former case, this instability is driven by the surface diffusion of atoms, and in the latter, by internal flows. However, irrespective of the source of instability, sinusoidal perturbations in the radius have the maximal growth increment in time corresponding to the wavelength ≈ 9 0 , where 0 is the initial radius of a nanowire/jet. The origin of this coincidence, as well as the value of itself, can be explained on the basis of simple qualitative relations.
If the radius of a nanowire/jet is periodically modulated along its length by perturbations with wavelength and amplitude as ( , = 0) = 0 − ( 2 4 0 ⁄ ) − cos ( ), = 2 / , ≪ 0 ,
then the change in its side surface, ( ), is equal to Δ ( )~ 2 (̂2 − 1) /̂,̂= 2 0 / .
The radius presented in the form of Eq. 1 corresponds to preserving the nanowire/jet volume with an accuracy of ~4 that is needed for calculating the value, Δ ( ), correctly. Then, the well-known relation for non-dissipative systems, i.e. /2 Δ̈~− Δ / Δ , (where /2~1 /̂ is the moving mass contained in a half-wavelength segment, Δ~ ( )/̂ is the corresponding displacement of the center of this mass and Δ = Δ ( ) is the change in the surface energy) results in the common relation for both cases under consideration
Thus, the classical relation for growth increment, , is obtained on the basis of a unified framework: 2~̂2 (1 −̂2). Its maximal value corresponds to the wave vector ̂2 = 1/2, i.e. / 0 ≈ 8.89. The threshold of instability is ̂2 < 1 or > 2 0 = .
It is to be noted that experimental results for inviscid liquid jets are in good agreement with Eq. (3), which evaluates the mean distance between the centers of neighboring droplets, Λ, as the wavelength of periodic perturbations with the maximal increment in time, Λ ≈ ( . .Λ/ 0 ≈ 8.9 ). This means that the diameter, , of the approximately spherical nanoparticles can be easily calculated to be = 2(3 0 2 /4) 1/3 ≈ 3.8 0 . Consequently, the gaps between the neighboring nanodroplets is ∆= − ≈ 5.2 0 , i.e. ∆/ ≈ 1.37 .
However, sufficient ground does not exist for the measured value of the nanowire break-up parameter, Λ/ 0 , to correspond to the classical value ~9. The reasons for this are as follows:
(i) the density of surface energy, , is not isotropic; (ii) the surface perturbations of an initially cylindrical nanowire do not always correspond to Eq. (1); (iii) the possible nonlinear interaction of perturbation modes can strongly influence the nanowire break-up dynamics; and (iv) the classical model [24] does not take into account the exchange of atoms between the nanowire surface and surrounding gas of free atoms thus cannot explain the fact that break-up parameter, Λ/ 0 , increases at lower temperatures [26] .
Although the qualitative similarity between the break-up of nanowires and liquid jets (Λ ≈ 9 0 ) is claimed in several studies [25, 26] according to the experimental results for Au presented in a study [25] , the gap ∆ is noticeably wider than the size of the created nanoclusters (∆/ ≈ 2.6 instead of the classical value ~1.4). Some discrepancies were also directly stated in an earlier work on Au-nanowires [27] , where for temperatures far below the melting point, the experimental values of Λ/ 0 were larger than those predicted by the continuum model [24] and standard deviations of this parameter were typically of the order of ±17-32% of the mean value. Moreover, many studies [25] [26] [27] confirm that a nanowire initially breaks into extended fragments which eventually transform into a series of 'droplets'. It was experimentally observed [9, 13, 28, 29] that some fragments could form long-lived 2-3-body dumbbells, a phenomenon not observed in liquid jets. Other important features of the nanowire break-up are the strong influence of temperature [26] and the orientation of a nanorod axis along different crystallographic axes, on the measured parameter Λ/ 0 [27] . Such a variety of features in the nanowire break-up is expectable since even the dynamics of nanoscale liquid threads does not correspond to the classical physical model [31, 32] , as analyzed by researchers [33, 34, 35] .
The goal of our study is to analyze, in detail, the physical factors that result in the diversity of observed break-up parameters. The results obtained using a kinetic Monte-Carlo model demonstrate that the statistical characteristics of these parameters are mainly determined by anisotropy of the surface energy density, , which, in its own turn, strongly depends on nanowire axis orientation. We have augmented the previous notions [22, 23, 46] [36] of the unstable equilibrium state. Excitation of these relatively shortwave perturbations occurs due to thermal roughening [37, 38, 39] 
Theoretical Framework
The Kinetic Monte-Carlo model used in the present study has been successfully applied in the mesoscale simulation of the processes of synthesis, dissolution, sintering, and growth of nanoparticles [30, [40] [41] [42] [43] [44] [45] [46] , as well as surface growth for catalysis applications [49] . The model takes into account surface atom diffusion, besides the diffusion of atoms in the near-surface layer by means of detachment-reattachment processes. Some surface vacancies, surrounded by a large number of occupied sites of the crystal lattice, can go deep into the structure of the nanowire and cause the diffusion of internal atoms. Interestingly, despite being rare, such internal vacancies still cause noticeable mixing of atoms (see Supplementary Section S2).
The basis of this numerical model is the assumption that the crystal structure of the nanowire is preserved at all stages of its dynamics. This is a sufficiently realistic model for the problem under consideration since a recent experimental study [47] shows that even in the case of small gold nanoparticles (561 atoms ±14 with the size of ~3.2 , where is the FCC lattice spacing), the crystalline structure is preserved at high temperatures (up to 500 C). In our numerical experiments, the radius of nanowires is taken to be 0 ≳ 6 .
The system under consideration consists of a nanowire with FCC crystal structure and a diffuser 'gas' of free atoms, which can attach to as well as detach from the nanowire surface.
This system is enclosed in a cylindrical 'container' with walls that reflect the free atoms. The radius of this container is at least one order of magnitude higher than the nanowire diameter.
The external 'gas' atoms diffuse by hopping with random angles of scattering and fixed length, ℓ, of the hops: ℓ = 1/√2 (the FCC lattice spacing, a, is taken here as the unit of length). If we also treat the time of scattering, , as the unit of time, then the corresponding volume diffusion coefficient, , is obtained as:
The bound atoms that constitute a nanowire occupy the FCC-lattice sites with coordination number = 12. Both the occupied and vacant FCC-sites, which surround the nanowire, are supposed to be centers of Wigner-Seitz cells. If a free atom randomly hops into the cell that encloses a near-surface vacancy (i.e., a vacancy that adjoins with occupied nearest-neighbor lattice sites), then this atom becomes absorbed by the crystal-lattice vacancy and registered as part of the nanostructure.
Each crystal-lattice atom can hop to any of the nearest neighbor vacancies when these exist at that instant of time. If a movable lattice atom interacts with 0 nearest neighbors ( 0 = 1, … , − 1), then the activation free-energy barrier is 0 ∆> 0, and the hopping probability is proportional to exp (− 0 Δ/ ) = 0 , = −∆/ < 1. In case the hop takes place, the atom occupies one of ( − 0 + 1) possible sites i.e. either one of the nearest ( − 0 ) vacancies or stays at its original site. The probability of each state is proportional to temperature-dependent Boltzmann factors exp ( | |/ ) (normalized over all the ( − 0 + 1) possible positions). The value < 0 presents the free-energy of the pair binding, and is the number of nearest neighbors at the target sites. Note that a non-zero ≠ 0 ( = 1, … , − 1) represents hopping, while = 0 signifies detachment when the bound atom rejoins the free diffuser gas.
Thus, in the presented mesoscale approach two thermodynamic parameters govern the nanowire shape evolution: and . The parameter is controlled by the activation freeenergy scale ∆,
and determines the surface diffusion coefficient; the second parameter,
corresponds to the free-energy scale, , that reflects local binding.
The results of previous numerical studies [30, [40] [41] [42] [43] [44] [45] [46] show that reference values of 0 and 0 , comparable to 1, may be used to describe typical nonequilibrium nanostructure morphologies of mesoscopic size in agreement with real experiments. When temperature, T, changes, the variations of the parameters and satisfy the relation
Following prior experience with FCC nanocrystals [30, [40] [41] [42] [43] [44] [45] [46] , we use the reference 'intermediate temperature' values for the MC-model rules: 0 = 1 and 0 = 0.7 , to establish the link between the values of and .
In the sequel, we present results of our numerical simulations for nanowire evolution in 'warm', < 0 , ( = 0.9, = 0.725) and 'cold', > 0 , regimes ( = 1.2, = 0.652). As obtained by researchers [30, [40] [41] [42] [43] [44] [45] [46] this range of variation in parameter well reflects the observed experimental patterns of the dynamic processes under investigation.
The physical characteristics of different metals with a face-centered structure (of distinguishable Δ/ and | |/ ) vary and depend on a nanowire diameter. For instance, the typical temperatures to initiate break-up of gold, copper, and platinum nanowires are approximately 300 C, 400 C, and 600 C, respectively. In this article, the general patterns of nanowire disintegration, without reference to a specific metal, are examined.
A unit Monte-Carlo step is a random sweep through the system of free and bound atoms, so that diffuser-gas atoms move/hop once on average, and the lattice atoms have one attempt for changing their location according to aforementioned probabilistic rules.
At the initial state, the nanowire considered in our simulations contains around 200 thousand atoms (its diameter is approximately ~5 , and its length up to 190 ). A small fraction of these atoms detaches from the nanowire surface for a short transient time to form a 'gas' in steady state with the nanocluster. The total number of atoms is, however, conserved because of the reflecting container walls.
Somehow, even the infinite nanowire breaks up into nanorods of different length. The ends of nanorods can affect the processes at their base parts. We therefore study nanowire dynamics for two initial configurations: (i) with 'free' ends, and (ii) with 'frozen' ends (Movies S3 and S4). In the second case, five additional atomic planes oriented perpendicular to the nanowire axis are inserted between each end and the end-wall of the container. These atomic layers of moveless/frozen atoms slightly extend the nanowire and prevent the so-called 'end-effects' (see Supplementary Section S3 and Movies S1 and S2). To some extent, such an approach can be identified with periodic boundary conditions.
Results

Morphology of neck formation
In this section, we analyze the morphological properties of the formed necks which are common for nanowires not only of the FCC, but also of the BCC (Body-Centered Cubic) and diamond lattice structures (e.g., Germanium (Ge) and Silicon (Si)). Each case is characterized by a specific set of parameters of a Monte-Carlo (MC) model which, in turn, depend on the lattice coordination number. It is well-known that the global minimum of surface energy for the extended nanowire can only be achieved when it transforms into a single pseudo-spherical particle. However, the nanowire shape dynamics has to evolve in accordance with both the laws of motion and the laws of thermodynamics. The evolutionary 'trajectory' of the multiparticle system passes through many local minima and the disintegration of the nanowire into individual isomeric nanoparticles implies that the system has reached one of these local minima. Initial short-scale thermal perturbations, in the course of time, turn into long-wave radius modulations. The result of such 'sausage' instability (Movie S4) is the formation of well-defined necks (Fig. 2 ). The reduction in the surface energy of the system is achieved not only by reducing the total surface area (as happens in fluid streams) but also due to the heterogeneity/anisotropy of the density of this energy, σ( ) , where is the vector perpendicular to the surface (σ( 111 ) < σ( 100 ) < σ( 110 ) [16] ). The type of the faces, as well as angles , 1 , 2 (Fig. 2D ), can be easily determined for a particular crystal lattice. Simple estimations, as shown below, allow us to attain a qualitative prediction of the dependence of the break-up parameter Λ/ 0 on the nanowire orientation.
It is well established that for large enough time-scales, an arbitrary nanocluster takes an equilibrium shape corresponding to a minimum of the total surface energy, which is close to the Wulff construction for the nanostructure under consideration [51] [52] [53] [54] . For instance, the Wulff construction for gold is a truncated octahedron which is bounded by the (100)-, (111)-, and (110)-type planes, situated at approximately the same distance from the center [55] . We remind the reader that the Wulff construction represents a somewhat idealized form of a nanoparticle since its definition does not take into account kinetic processes associated with smoothing wedges and vertices.
The tendency to have an 'isomeric' surface is inherent not only to nanoparticles, but also to long nanowires, the surface of which has a predisposition to become bounded by certain crystalline facets [46] . After such nanowire reshaping, the facets that define the Wulff It is relatively easy to establish that the side surface of the cylindrical nanowire with [110]type orientation will eventually become symmetrically bounded by four planes of (−11 ± 1)-
and (1 − 1 ± 1)-types and two planes of (00 ± 1)-type. The bottlenecks of second-order symmetry can be formed only by the planes of the same type ((11 ± 1), (−1 − 1 ± 1), (±100), or(0 ± 10)), but these planes intersect the nanowire axis at very large angles (~54°and 45°). Since the four side planes of (111)-type have the lowest surface energy density in the FCC-lattice, the formation of periodic necks becomes energetically disadvantageous in the case of insufficient reduction (due to large angles 1,2 ) in the total surface area. Therefore, the [110]-type orientation is very stable with respect to the break-up into fragments, a fact which was indicated in previous works [27, 46] . Furthermore, the 'endeffect' (the specific break-up mechanism, which is discussed below) does not hold for this structure either, due to the high surface diffusion rate of atoms deposited on nanowire (111)facets (because of low binding energy). Analogous situations can be realized in nanorods with other types of crystalline structure. represents the axis of symmetry during the necking process. In such cases, several features of the break-up, which cannot be explained using the existing model [24] , can be observed. The discussion of the results of numerical experiments for the non-symmetrical type orientations (listed above) will be presented below. For now, we only note the similarity between the [321]
and [211] orientations: in both cases, the initially cylindrical wire becomes faceted, by only two (1-1-1) and (-111) planes bounding it (as opposed to the [110] orientation with four such facets).
It is necessary, at this juncture, to discuss the [210] orientation since it shows a distinct asymmetry of the forming neck with respect to rotations around the axis of the nanowire.
After slight flattening by (00±1) planes, eight facets of (111)-type (which have the lowest surface energy density) intersect the nanowire axis at acute angles (see Fig. 2C where the presented configuration is symmetric under rotation by angle around the axis perpendicular to the nanowire). Left/right parts of the neck are formed by a pair of adjacent (1 − 1 ± 1)
planes with an approximately 15° tilt angle with respect to the nanowire axis, the (0 ± 10) planes (tilt angle ~26.6°) and step-like slopes with an average inclination angle ~35°.
Comparing the obtained values with the results of the same analyses but on [100]-and [111]type orientations leads to the following conjecture: the time required for the nanowire breakup, and the value of the parameter Λ/ 0 will significantly increase for [210]-type orientations.
Indeed, the case when the angles 1 , and 2 are equal for any value of angle corresponds to the minimum length of the neck and the minimum volume of matter (marked by blue in Fig.   2C ) which has to be displaced during the development of instability. Once the symmetry is broken, both these parameters (the length of the neck and the displaced volume of matter) increase. Additionally, angle has the largest average value for the [210]-type orientation.
Therefore, on the basis of the estimations above, the result obtained in numerical simulations, Λ/ 0~1 3, is predictable.
Linear stage of break-up in nanowires
Surface evolution in a long nanowire strongly depends on its orientation, precisely at the nonlinear stage of its necking, when the difference in the morphology of the forming necks is fully manifested (see above). Scenarios of the linear stage do have individual features for different nanowire orientations. In particular, the effects of restructuring the nanowire surface as a result of arising thermal roughening [37, 38, 39] is sensitive to the types of facets that form its lateral surface. However, in general, the physical mechanisms that determine the ( )dynamics are identical; here we consider the surface processes in detail only for the case of
[100]-nanowire ( Fig. 3 ). with higher binding energy (see Fig. 3B and Fig. 3C (red atoms) ). In Fig. 3D , averaged over twenty realizations, the temporal evolution of ( )/ is shown. Here, ( ) is the maximum amplitude in the Fourier transform of the number of atoms, ( , ), in the (100) planes; is the nanowire radius when a steady equilibrium state between the nanorod and the vapor of free atoms, which fill the surrounding container bounded by the reflecting walls, is established for a time much shorter than the time needed for the break-up to occur:
where 0 is the initial radius of the nanowire, 0 and are the initial number of atoms and their number in the nanorod in the quasi-equilibrium state, respectively.
The transformation of short-scale surface perturbations into long-scale ones may be tracked in At first sight, the appearance of the nanowire configuration at = 12 × 10 5 , which is shown in subpart (a) of Fig. 3E , corresponds, to a greater extent, to the chaotic fluctuations of the surface. However, in reality, there is the explicit structure in the distribution ( , = 12 × 10 5 ) clearly observed in the grayscale-map.
The dynamical parameter λ ( )/~6.5 is almost unchangeable for a fairly long time.
This value is slightly higher than the critical value, 2π, which is the necessary threshold for the further development of the necks in time but is not sufficient for a break-up. On the one hand, according to the results obtained in the previous section, the necking slopes should be oriented (as claimed by the crystal structure) at fairly small angles with respect to the nanowire axis, which provides a greater reduction in the total surface area, when these necks representatives of this set, is discussed in the sequel.
Nonlinear stage of break-up in nanowires
The break-up of nanowires with orientations (100) and (111) is discussed in detail in Supplementary S1. In these cases, the axis of the wire is the axis of rotational symmetry of order 4 or 3, and the sausage-like shape perturbations along this axis resemble those of a disintegrating liquid jet. Besides, existing analytical models of instability [27, 28] (Fig. 2D) is small, the mass of the substance extracted from the neck area significantly increases and the neck consequently extends. As a result, the value of the breakup parameter Λ/ exceeds, by 20-40%, unity, which was obtained by the model based on the assumption of the isotropy of surface energy [28] . Consequently, the break-up time under the same initial conditions increases. Furthermore, at the linear break-up stage, w-like fractures of the surface can occur the origin of which is the existence and manifestation of the nanowire's rotational asymmetric crystalline structure.
Earlier in this study, we discussed only the anisotropy of parameters which are directly measured during experiments. However, there are several factors, which are hidden from an observer and related to the structure of lateral surfaces of the nanowire. This structure determines the anisotropy of the surface diffusion coefficient, which is manifested in the following effects. Generally, the nanowire splits into a series of extended fragments at the initial stage. The further evolution of fragments, to a great extent, depends on the role of endeffects in the subsequent break-up into droplets. In turn, the role of end-effects is smaller if intensive surface diffusion suppresses the formation of bulbous structures at the nanowire ends. A demonstration of these processes is presented in Figs. 4 and 6 .
Based on the data presented in Fig. 4 , the break-up parameter varies in the range Λ/ ≈ 11 − 13. In our numerical simulations with [321]-orientation, five drops were formed in one numerical experiment out of six. This is unusual as normally four drops form, but we note that even in such rare cases for a nanowire with = 350 and = 6. The reason for this is that in the case of [321]-type orientation, two (111)-type faces flatten the initial cylindrical shape of the wire. As mentioned earlier, the rate of surface diffusion on these faces is high, which suppresses end-effects followed by the separation of drops due to the intense outflow of atoms into the middle part of the wire.
In This assumption is confirmed by the data presented in Fig.5B (see the configuration (a) and the corresponding distribution, ̂( , ), where / ≈ 12). In should be noted that four facets of (111)-type are oriented at a small angle (15 0 ) with respect to the nanowire axis and their fragments form the step-like lateral surface of the wire (Fig. 5B , the inset on the left),
with the high density of the corner vacancies that significantly reduces the rate of surface diffusion. This is the reason that the end-effect mechanism, causing the separation of drops from the ends of elongated nanorods (see Supplementary S3 ), is more effective in [210]nanowires ( Fig. S4A and B ) than in nanorods with (321)-type orientation (subparts (d) to (g) of Fig. 4B ). Fig. 6(c) ). It can be seen that the initial short-wave perturbations do not transform into a series of droplets. As a result, the break-up parameter has a significantly higher value than it was predicted by the linear theory: Λ/ ≈ 11. The results, shown in Fig. 7 , clearly demonstrate the nonlinear effect of absorption of shortwavelength surface perturbations by each other (see the olive/red ellipse in Fig. 7A ). The assumed number of droplets, , at the last stage of break-up could be predicted by the ratio of the length of the nanowire, , to the harmonic wavelength, , with the maximum amplitude in the Fourier transform of ( , ) in space: ≈ / . However, such an estimation at the linear stage ( / ≈ 10.7 at = (Fig. 7A) ) is totally inconsistent with the obtained results, Fig.7C(c) . The averaged value Λ/ ≈ 16. As a final statement, we note that such a high value of the break-up parameter cannot be obtained by using existing models [20, 24] . Moreover, the ratio of the average gap between neighboring nanodrops to their average size/diameter (when they become isomeric/ even-proportioned with time) is approximately 2.6 which is in agreement with the experimental results [25, 27] .
For all the orientations considered, we have studied the role of the exchange of atoms between the nanowire surface and the surrounding vapor of free atoms, by artificially changing the dynamics rules in our MС model. If an atom were given the chance to break away from the 
Discussion and Conclusions
The disintegration processes of nanowires and liquid jets are similar only in that, in both cases, The anisotropy of surface energy extends a possible set of evolutionary trajectories for a nanowire with an internal crystalline structure. Naturally, in the pre-melting regime [56] , when only the internal atoms are ordered in a crystalline structure, the break-up of the nanowire is more like the disintegration of a liquid jet. However, at lower temperatures, the nanowire displays effects that are not inherent to the liquid jet. The brightest examples are the emergence of step/snake/zigzag-like surface perturbations in nanowires with (211)-type orientation and long-living 2-3-body dumbbells, primarily in nanorods with (100) and (111)type orientations (See Supplementary Section S1).
In some cases, the distributions of evaporation flow density and the reverse diffusional flows of free atoms along the surface may substantially affect the parameters of nanowire break-up.
Disbalance between these flows at local regions (necks and 'bulbs') can either decrease or increase the wavelength of emerging surface perturbations (see Supplementary Section S1).
These effects strongly depend on the surface morphology and the nanowire temperature.
The variety of 'faceting' cylindrical nanowires at the initial stage of disintegration, which is unnatural for liquid jets, also significantly affects their further evolution. For instance, in the 
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The effects of the nanowire orientation relative to the axes of symmetry of its internal crystal structure on its disintegration into nanoclusters is studied. A qualitative interpretation is given for the variety of the quantitative characteristics of the breakup observed in experiments. The contribution, to the classical Plateau-Rayleigh instability, of factors that are characteristic only for crystalline 'jets' (anisotropy of the surface energy, thermal roughening, long-lived unduloid-like configurations) is studied. 
Supporting Sections
Section S1. Dynamics of nanowires with rotational symmetry
In the course of the break-up of nanowires with [100]-and [111]-type orientations (Movies S1-S4), their axes, with a good approximation, are the axes of rotational symmetry of the fourth-and third-order, respectively. In such cases, the results obtained by existing analytical models of instability [20, 24] and some physical experiments correlate strongly (including for the value of the break-up parameter Λ/ ). Recall that is the nanowire radius when a steady equilibrium state between the nanorod and the vapor of free atoms, which fill the surrounding container bounded by the reflecting walls, is established. We note that the equilibrium is achieved at a time which is much less than the time needed for the break-up to occur. If the initial number of atoms in the nanorod is 0 , and their number in the equilibrium state is , then:
where 0 is the initial radius of the nanowire.
In this study, we conducted a series of numerical simulations on nanowires with both 'free' and 'frozen' ends. In the case of 'frozen' ends, during the formation of the initial state, 'extensions', with the width of five atomic layers, are attached to the ends of the wire. The atoms of these 'extensions' are treated as motionless hence the term 'frozen'. Generally, small fragments are formed in the end regions of the nanowire, and while estimating the parameter Λ/ by the number of created droplets (or spaces between them), we consider the first and the last fragments as a single drop, as a realization of the periodic boundary conditions. It is to be noted that the number of droplets formed in each numerical simulation is random. For [100]-type orientation (see Fig. S1 , depicting that at the initial stage the nanowire is mostly bounded by four (100)-and four (110)-planes). The average number of drops (averaged over the results of ten random simulations of the break-up process) is between 8 and 8.3. In the case of the nanowire with length = 450 , and ≈ 6 , the break-up parameter varies in the range of Λ/ ∈ [9, 9.3] . Whereas, Fourier analysis of the distribution ( ) at the initial break-up stage (see configuration (b) in Fig. S1 ) gives that maximal amplitude has a mode with λ ≈ 7.4 . The decrease in surface energy during the disintegration process can be partially described by an increase in the average number of bonds per atom, 〈 ( )〉 (See. Fig. S1B ). One can see that it is at the stage of inititation of nanowire break-up that the most significant decrease in E surf (i.e. growth of 〈 ( > 3 × 10 6 )〉 ) takes place. A small decrease in 〈 ( ≲ 4 × 10 5 )〉 from 11.216 to 11.193 at the initial stage, which is a result of the onset of thermal roughness, is followed by a long plateau-like dependence 〈 ( )〉 . Thus, this parameter does not fully reflect the tiny details of the dynamics of the total surface energy, when long-wave perturbations of the surface prevail and the surface energy density is sufficiently inhomogneous along the nanowire. This pattern of ( ) is observed for all crystallographic orientations of the nanowire discussed it this study. It should be noted that data presented on Fig. S1B demonstrate a rare case, when each bead in the string of beads before the onset of the break-up ( ≈ 3.3 × 10 6 ), transformed into a single drop without mergence with neighboring beads as it often happens.
For the 'cold' regime (see Fig. S2 ) the nanowire radius was chosen so that, in the equilibrium state, the number of atoms in the nanorod was approximately the same as for the nanowire depicted in Fig. S1 . It is important to point out, that the decrease in temperature led to a noticeable increase in the break-up time. Additionally, the formation of long-living 3-body dumbbells (as depicted by configuration (b) in Fig. S2) is typical in the "cold" regime and was already observed in real experiments [27, 28] . The evolution of such fragments usually ends with break-up when one of the extreme particles absorbs the middle part. The break-up parameter averaged over 10 simulations was approximately Λ ≈ 9.3. Fig. S3 . We would like to note the durability of the 2-body rightmost dumbbell presented in Fig. S3A , subparts (c), (d), (e), and (f), while 3-body leftmost dumbbell broke up into two droplets despite its initially wider neck (see subpart (c) in Fig. S3A ). Here, the break-up parameter Λ/ varies between 8.7 and 9.3. Thus, for the two orientations of the nanowire discussed, an average distance between nanoclusters after the break-up corresponds to the values most frequently mentioned in works of our predecessors [26] [27] [28] . However, we should again point out, that the obtained value of the parameter Λ/ is a result of nonlinear effects and that shorter wavelength perturbations of the nanowire surface dominate at the linear stage.
B A
Data presented in Fig. S3B give information regarding the role of surface diffusion of the bonded atoms and bulk diffusion of the evaporated ones. The diffusion of atoms in the nearsurface layer plays a significant role in the disintegration of the [111]-nanowire. If, in the numerical model, we block the sublimation of atoms from the surface of the nanowire (i.e. 'turn off' the bulk diffusion), then the break-up time will increase by more than five times (compare the data presented in Fig. S3A and Fig. S3B ). Whereas, the same numerical experiment conducted with nanowires with [100]-type orientation gives an increase in the break-up time by only 20-30%.
Data presented in Fig. S3C clearly demonstrate one more feature of the break-up of a nanowire with the [111]-orientation. When atoms from the surrounding vapor are deposited on the nanowire surface, the wavelength of the surface perturbations is noticeably shorter (see Fig. S3A(b) , / ≈ 6.9), than in the case with blocked evaporation (see Fig. S3C , / ≈ 10). This means that in the first case the well-known effect arises when the diffusion flows from surrounding space to a surface can result in the formation of shortwave perturbations on it if the surface diffusion is low. However, this effect does not appear in the [100]-orientation where the surface diffusion dominates the formation of the sausage-like surface perturbations (in both cases ( Fig. S1B and Fig. S3C ) / ≈ 6.9). Thus, the sensitivity of the nanowire dynamics to the surrounding vapor density suggests that the temperature dependency of the breakup parameter, Λ/ , is mainly inherent to the [111]nanowire orientation, as observed for Cu [26] . The results discussed once again confirm the important role of nanowire orientation, which determines the anisotropy of (i) the surface energy density, (ii) the coefficient of surface diffusion, and (iii) the local rates of sublimation. The physical mechanism of the occurrence of such distinction is quite easy and takes place due to the nanowire surface structure (see. subpart (a) in Fig. 1B in the main text) . An atom, moving on fragments of filled (111)-type surfaces, has the lowest possible binding energy, therefore the probability of detachment from the surface is high. Furthermore, a transition from one fragment to another is associated with a high probability for an atom to be trapped by corner-surface-vacancies with high binding energy. Therefore, 'turning off' the bulk diffusion noticeably suppresses the development of instabilities on the nanowire surface. Instead, end-effects dominate during the disintegration process (see subparts (a) to (f) of Fig.  S3B , and Movies S1 and S2). The enhancement of the role played by end-effects with decreasing temperature is also predictable (as depicted by subpart (g) of 
Section S2. Internal atom diffusion
In this section, we will discuss the mechanism of internal atom diffusion since it may not be explained, likewise, within the framework of existing models [24] . For this purpose, we conducted a numerical simulation with a cylindrical (111) nanorod ( = 250and = 16). Atoms originally in the central (111) layer (at = 0) are marked blue. After = 2 × 10 5 MC time steps (we note that the average break-up time of the nanowire under consideration is at least 50 times greater than the indicated time interval) the distribution of marked atoms in adjacent (111)-type atomic layers was studied (see Fig. S4 the number of the central layer is assumed to be zero). It is worth mentioning that at this stage more than 86% of marked atoms have left the central layer (see Fig. S4A ). The same simulations were carried out for nanowires with a [100]-type orientation. The mechanisms of the observed bulk diffusion are physically transparent. After the step-like structure on the lateral surface of the nanowire is formed (see, for instance, subpart (a) in Fig. 1B ) the corner surface vacancy can be occupied by an internal atom, so a vacancy will appear within the nanowire (see Fig. S4B and Fig.  S4C ). The drift of such vacancies in the volume of the wire leads to a noticeable mixing of internal atoms and contributes to the reduction of the parameter 〈 ( )〉 (see Fig. S1B ) at the initial stage. For the nanowire presented in Fig. S1B and Fig. S4C , the difference Δ = 〈 (0)〉 − 〈 ( = 4 × 10 5 )〉, is provided by these internal vacancies up to Δ /4 (the other part, i.e. 3Δ /4, is a result of the thermal roughening of the surface).
An analogous effect is also observed in nanoparticle sintering [43, 44] where there is no contact between nanoclusters at the point of initiation of the process. Atoms of one nanocluster left their initial positions and deposited on the surface of a neighboring cluster as a result of detachment-reattachment processes, creating surface roughness and 'active' vacancies in the near-surface layers of the nanocluster. The drift of such vacancies led to the migration and mixing of 'foreign' atoms with atoms of the neighboring cluster.
The role played by volume diffusion in the break-up process of nanowires, as described earlier, requires further investigation. However, we can expect its noticeable contribution to the dynamics of the process just before the break-up since in the neck region, the ratio of surface area to volume increases. As a result, the bulk concentration of active vacancies in narrow regions of a nanowire is higher than in wide ones. The predominant drift of vacancies from 'narrow' to 'wide' regions corresponds to reverse flow of atoms to the locations of potential rupture in the nanowire and may cause changes in the statistical characteristics of the process. As already mentioned, it would be incorrect to consider the break-up of a finite nanowire (as well as of a liquid thread) as a process of developing instability since there is no equilibrium state associated with it. In an infinite nanowire, the break-up starts with an increase in thermal fluctuations with time, however; we point out that the nanowire end itself excites much larger fluctuations propagating to its interior region (see Fig. S5B ).
The wavelength of such fluctuations, as for finite liquid streams [20] , is of the order of the nanorod diameter, if the nanowire is aligned along the [100] or [111]-axis. The physical mechanisms of the process are also similar, though in the case discussed we examine crystalline structure without intense internal flows. Let us perform a qualitative analysis of the images shown in Fig. S5 The surface perturbations, excited by nanowire ends, can interfere with each other (if a nanowire is relatively short) and with increasing thermal fluctuations of the central part of longer nanorods. We note that the role of end-effects in the nanowire break-up increases with the temperature reduction (i.e. reduction in thermal fluctuations) and that intense surface diffusion prevents the formation of bulbs at the nanowire ends and suppresses end-effects. Fig. S5 . Evolution of a nanowire end with its axis aligned along the [111]-type orientation of FCC. The result was obtained for reduced temperature regime: = 1.2, = 0.65, cross section size = 14, and initial length = 100. The first five atomic layers from the left were 'frozen', so the evolution of nanorods depends only on the processes at the upper end. (A) Changes in the atomic distribution on the (-110)-type plane, which intersects the nanowire axis. Each snapshot was obtained by the combination of atomic distributions for two consecutive instants of time 1 (olive + blue circles) and 2 , (olive + red circles), 2 > 1 ; in other words, olive circles represent only unchangeable system of bounded atoms at the two subsequent moments. Subpart (a): 1 = 0, 2 = 4 × 10 6 ; subpart (b): 1 = 4 × 10 6 , 2 = 11 × 10 6 , and subpart (c) 1 = 16 × 10 6 , 2 = 24 × 10 6 . The cut-off of a nanoparticle takes place at = 25.18 × 10 6 The formation of long-lived 2-3-body dumbbells was observed in our numerical simulations of the nanowire break-up (see Figs. S6A and S6B) as well as in real experiments [12, 27] , a phenomenon inexplicable on the basis of any hydrodynamic models. The results of calculation of the dynamics of a relatively short nanorod ( / 0 = 16) are presented below. We note that, in this case, applying the theory about preferable development of disturbances with wavelength ≈ 9 0 is unfounded. In such situations, two-way end-effects take place (see S3) and the result of interference of two perturbations originated at each end is totally unpredictable. Among a great number of evolutionary 'trajectories' of the multi-particle system, we present only two simplest ones. The first onenanowire breaks up into two drops for a relatively short time interval (Movie S5). The second onethe nanowire is 'trapped' in one of the local energy minima and stays in this state of quasi-stable equilibrium for a long time until thermal fluctuations take it out of such a state. Subsequently, an unpredictable outcome will follow again. Data presented in Fig. S6 (the results of two random simulations of the dynamics of the nanowire with the same values of parameters for both cases) demonstrate the details of such 'trajectories'. Fig. S6C demonstrates the formation of an unduloid-like dumbbell directly during the disintegration of a long nanowire. Different random realizations of its evolution at > 6.9 × 10 6 correspond either to fast break-up or slow long-term merger.
Three-body dumbbells are less common, a phenomenon which is consistent with the principles of probability theory. Fig. S7 demonstrates the existence of a rare case (of low probability) of the formation of 3-body nano-objects in quasi-equilibrium. We indicate that the simulation was conducted at the 'cold' regime in order to reduce the influence of thermal fluctuations. This regime is dictated by the need to maintain an equilibrium of surface diffusion fluxes in a system with a large number of degrees-of-freedom. The nanowire breaks up into drops on the left and right from the central part (see the blue rectangle in Fig. S7 ) for which 'time has almost stopped'.
We note that even if the central fragment breaks into two droplets, the break-up parameter, Λ/ 0 , will take the known value in the final state: Λ/ 0 ≈ 400/(8 × 5.5)~9 (as always, the first and the last fragments are counted as one drop due to pseudo-periodic boundary conditions). Whereas in the configuration depicted in subpart (b) of Fig. S7 the nanorod is divided by necks into eleven clearly visible fragments, i.e. / 0 ≈ 6.6 for the moment. This, once again, shows a tough competition between necks with the absorption of each other at the nonlinear break-up stage. 
